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In this study, we identiﬁed a variable region in the C-terminus of hemocyanin from the shrimp Litop-
enaeus vannamei (2288–2503 bp, HcSC) by sequence alignments. A total of 13 SNPs were identiﬁed by
PCR-SSCP and HcSC clone sequencing. The SSCP patterns of HcSC could be modulated in Vibro para-
haemolyticus-treated shrimps. A novel SSCP band with four SNP sites was identiﬁed in V. parahaemo-
lyticus-resistant shrimps. More importantly, three of these four SNPs introduced variations in amino
acid sequence and possibly secondary structure of the HcSC polypeptide and resulted in a higher
agglutinative activity against seven pathogenic bacteria. These results suggest that the C-terminus
of shrimp L. vannamei hemocyanin possesses SNPs, which may be related to shrimp resistance to
different pathogens.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hemocyanin is a multifunctional protein mainly found in the
hemolymph of arthropods and mollusks that has recently been re-
ported to play roles in oxygen transport, molting regulation, and
the antigen non-speciﬁc immune defense [1–3]. Nagai et al. docu-
mented that hemocyanin of horseshoe crab Tachypleus tridentatus
could be functionally converted into a phenoloxidase-like enzyme
by the clotting enzyme and by chitin-binding antimicrobial pep-
tides [4,5]. Treating hemocyanins from crustacean with SDS re-
sulted in an opening of the entrance to the active site of the
protein for bulkyphenolic compounds [6]. Becker et al. showed that
both of Concholepas hemocyanin subunits have an antitumor effect
in the bladder carcinoma cell line MBT-2 [7]. Moreover, hemocya-
nin from shrimp Penaeus monodon and horseshoe crab Carcino-
scorpius rotundicauda possess antiviral and antibacterial activities,
respectively [8,9]. Our previous studies showed that hemocyanin
from Litopenaeus vannamei could react with human Ig as an anti-
gen, bind to bacteria as an agglutinin, interact with erythrocytes
as a hemolysin, and act as an immune-enhancing protein [10–
14]. However, the molecular basis underlying hemocyanin multi-
functionality remains unknown.chemical Societies. Published by E
Biology, School of Science,
ple’s Republic of China.
@163.com (Y. Zhang).Interestingly, it has been demonstrated that hemocyanin C-
terminus could generate immune-related peptides with antifungal
and antibacterial activities [15,16]. Four out of eight up-regulated
proteins in Penaeus vannamei shrimp infectedwith Taura syndrome
virus (TSV) were identiﬁed as C-terminal hemocyanin fragments
[17]. Our previous research also found that shrimp L. vannamei
hemocyanin C-terminus shared four conserved regionswith the hu-
man Ig heavy chain and one conserved regionwith the Ig kappa light
chain variable region [10]. These results imply that the hemocyanin
C-terminus may act as the Ig variable region and possess single
nucleotide polymorphisms (SNPs).
In this study, we identiﬁed 13 SNPs in the C-terminus of L. van-
namei hemocyanin (HcSC). This polymorphic proﬁle could be
modulated by environmental stresses such as temperature and
pathogen infection. The SNP mutations in the HcSC domain were
associated with shrimp resistance to pathogens. The results will as-
sist in the investigation of the molecular basis of hemocyanin mul-
tifunctionality and help to establish strategies for shrimp disease
control.
2. Materials and methods
2.1. Animals
Adult penaeid shrimps L. vannamei (Guolian shrimp 1# bred by
Zhanjian Guolian Aquatic Products Co. Ltd., China), length 8–12 cm,
were obtained from Shantou Huaxun Aquatic Product Corporationlsevier B.V. All rights reserved.
404 X. Zhao et al. / FEBS Letters 586 (2012) 403–410(Shantou, Guangdong, China) and maintained in 25 L open-
circuit ﬁltered seawater tanks at room temperature with aeration.
Shrimps were acclimatized to laboratory conditions for 2 days be-
fore experiments.
2.2. Sequence alignment of hemocyanin C-terminus and SNPs
prediction
For hemocyanin C-terminal fragment variable region predic-
tion, the amino acid and nucleotide sequences of the C-terminus
of arthropoda hemocyanins from the NCBI database were aligned
using Clustal X and BioEdit. Marine Genomics Project (URL:
http://www.marinegenomics.org/organisms) was selected to ac-
quire shrimp L. vannamei hemocyanin C-terminus EST sequences.
The EST sequences were aligned using Clustal X and BioEdit, and
SNPs were identiﬁed. SNP was designated as a nucleotide that
had been substituted no less than three times in comparison to
the L. vannamei hemocyanin C-terminal sequence (Accession No.
X82502, 2288–2503 bp).
2.3. RNA extraction, reverse transcription (RT) and DNA extraction
Hepatopancreas from individual shrimps were collected and
frozen in liquid nitrogen before being homogenized in 1 ml of Tri-
zol Reagent (Invitrogen) for total RNA extraction. The precipitated
RNA pellet was dissolved in RNase-free water. RNA concentration
was measured by UV spectrophotometry (Eppendorf Bio photome-
ter) and stored at 80 C until use.
First strand cDNA was generated in a 50 ll reaction volume
containing 5 lg total RNA, 5 ll 10  RT buffer, 2.5 ll 10 mM dNTP,
10 ll 25 mM MgCl2, 5 ll 0.1 M DTT, 40 U RNaseOUT Recombinant
RNase Inhibitor and 50 U SuperScript II RNAase H-Reverse Trans-
criptase (Invitrogen, Calsbad, CA). The reaction was conducted at
50 C for 50 min. DNA was obtained using the Universal Genomic
DNA Extraction Kit Ver.3.0 (Takara, Japan) following manufac-
turer’s instructions.
2.4. RT-PCR-SSCP
For the RT-PCR-SSCP analysis, the C-terminal fragment of hemo-
cyanin (X82502.1, 2287–2528 bp) containing HcSC region (2288–
2503 bp) and the b-actin control were ampliﬁed by RT-PCR using
speciﬁc primers: HcSC-F (50-TGTGGTGGCGGTGACTGA-30) and
HcSC-R (50-GAAGAGTTGTAAGCTTGTATC-30); Actin-F (50-CCGAGC
GAGAAATCGTTCGTGAC-30) and Actin-R (50-GGAGTTGTAGGTGG
TCTCGTGGAT-30), respectively. PCR was performed in a volume of
50 ll containing 1.25 U of high ﬁdelity ExTaq (Takara, Japan),
10  ExTaq Buffer (1.5 mM MgCl2 plus), 200 lM of each deoxynu-
cleoside triphosphate, 20 lM of each primer, and 1 ll of cDNA.
The PCR program included: 94 C for 3 min, 30 cycles of 94 C for
30 s and 60 C for 30 s and 72 C for 30 s, followed by a ﬁnal exten-
sion at 72 C for 5 min. PCR product was analyzed by 1.5% agarose
gel electrophoresis.
Single-strand conformation polymorphism (SSCP) analysis was
carried out essentially as described by Hayashi et al. [18]. In brief,
10 ll of each RT-PCR product was mixed with 10 ll SSCP buffer
(95% formamide, 10 mM sodium hydroxide, 0.25% bromophenol
blue and 0.25% xylene cyanole). After denaturation at 94 C for
5 min and snap-cooling on ice for 2 min, the denatured samples
were analyzed on a 8% polyacrylamide gel, 120 V constant voltage
for 5 h at 4 C. Gels were stained with ethidium bromide (0.5 lg/
ml), and a scanned image was obtained using a bioimage system
(Gene genius, Syngene).2.5. Cloning, sequencing and alignment
To determine the nucleotide variability amongst the different
bands in a SSCP proﬁle, predominant SSCP bands were excised with
a sterile razor blade and eluted into 50 ml sterilized milliQ water at
4 C overnight. The bands were re-ampliﬁed by PCR with the same
conditions as described in Section 2.4. The PCR products were ex-
tracted and cloned into pMD-19T (Takara, Japan) and then trans-
formed into Escherichia coli DH5a (Promega, Madison, WI). Positive
colonies were selected on LB agar plates containing 40mg/ml 5-
bromo-4-chloro-3-indoly-L-b-D-galactoside and 100 lg/ml ampicil-
lin (Sangon, Shanghai). Three positive colonies from each band were
selected and sequenced by Huada Genomic Center (Shenzhen,
China). The corresponding sequence alignment and SNPs prediction
were carried out as described in Section 2.2.
2.6. SNPs analysis from genomic DNA and cDNA
For determination of the SNP sites in the HcSC domain at the
individual level, total DNA and RNA from an individual shrimp
hepatopancreas were isolated as described in Section 2.3. PCR
products from genomic DNA and cDNA were ligated into pMD-
19T (Takara, Japan) and sequenced as described in Section 2.5.
2.7. Evaluation of temperature and pathogen stimulation on SNPs
variation
To study the possible variability of hemocyanin C-terminal SNPs,
stimulations with temperature and pathogens were performed. For
temperature treatments, shrimps were cultured at 16, 25 or 30 C
for 2 days. For pathogen treatments, two representative bacterial,
namely Vibro parahaemolyticus (gram-negative bacterium) and beta
streptococcus (gram-positive bacterium), were selected. The shrimps
were inoculated intramuscularly by using 1-ml insulin syringes in
the third abdominal segment with 50 ll of bacterial inoculum
(2 107 CFU/ml) or ﬁltered seawater (FSW). The treated animalswere
then returned to the tanks at room temperature. Hepatopancreaswere
harvested at 0, 3, 6, 9, 12 and 24 h after injection for RNA isolation. The
procedures for total RNA extraction, cDNA synthesis and RT-PCR-SSCP
were performed as described in Sections 2.3 and 2.4.
2.8. Analysis of SNPs variation between susceptible and resistant
shrimps
To compare the SNPs between susceptible and resistant shrimps,
approximately 40 L. vannamei were injected individually with
100 ll V. parahaemolyticus (2  107 CFU/ml), and transferred to
25 L tanks at environmental temperature for 24 h. Of these, the 20
survivors were collected as resistant shrimps, 15 shrimps near to
death between 6 and 12 hwere designated as the susceptible group.
Hepatopancreas from a random susceptible and resistant shrimps
were used for RNA isolation. The procedure of RNA extraction, cDNA
synthesis and RT-PCR-SSCP were carried out as described in Sec-
tions 2.3 and 2.4. An extra band in resistant shrimps was excised,
cloned and sequenced as previously performed in Section 2.5 for
subsequent sequence analysis. Discovery Studio 2.5 (Accelrys, San
Diego, CA) was used to predict the effect of SNPs on the structure
variation of the HcSC domain in hemocyanin [19].
2.9. Puriﬁcation of HcSC recombinant proteins
To further characterize an extra band in the resistant shrimps,
the band was excised and sequenced as previously performed in
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(designated rHcSC) and normal HcSC (cDNA sequence region of
hemocyanin, Accession No. X82502, designated nHcSC) were
cloned into the pET 32 vector. Recombinant proteins were over ex-
pressed in E. coli BL21 in the presence of 1 mM IPTG for 3 h at 37 C.
After centrifugation, bacterial suspensions were disrupted by
sonication (300W, 3  10 min) in ice-water and pelleted by centri-
fugation (7000g for 15 min at 4 C). Subsequently, the recombi-
nant rHcSC and nHcSC protein were puriﬁed from supernatant
using nickel column chromatography (Qiagen, Valencia, CA). Both
puriﬁed and crude recombinant proteins were loaded onto SDS–
polyacrylamide gels for analysis. Immunoblotting was carried out
for further conﬁrmation (primary antibody: rabbit anti-hemocya-
nin IgG, 1:1500; secondary antibody: goat anti-rabbit IgG-HRP,
1:3000).
2.10. Agglutination assay
Seven pathogenic bacteria including Escherichia coli K12, Vibrio
parahaemolyticus, Vibrio ﬂuvialis, Vibrio alginolyticus, Aeromonas
hydrophila, Staphylococcus aureus and beta streptococcus used in
the experiments. The bacteria were separately cultured in broth
medium overnight at 28 C or 37 C. The cells were harvested,
washed and diluted to 108 CFU/ml in TBS-Ca2+ (0.05 M Tris, 0.75%
NaCl, 0.05 M CaCl2). Agglutination tests using the seven bacteria
and rHcSC or nHcSC was performed at 37 C for 30 min. The protein
was twofold diluted in TBS-Ca2+ and added into 20 ll of each bac-
terium. Agglutination was read in a light microscope and scored asFig. 1. Variable region and SNPs prediction of hemocyanin C-terminal region from shrim
arthropoda hemocyanins C-terminal domains (591–662 aa/2288–2503 bp). Sequence al
nucleotides were shown in black and represented as a ‘⁄’, similar amino acids were highl
domains were as follows: LvHcS, hemocyanin subunit with about 75 kDa from Litopenae
about 77 kDa from Litopenaeus vannamei (CAB85965.1/AJ250830.1); PmHc, hemocyanin
from Marsupenaeus japonicus (ABR14693.1/EF375711.1); FcHc, hemocyanin from Fenner
Marsupenaeus japonicus (ABR14694.1/EF375712.1); CsHc, hemocyanin subunit from Ca
from Homarus americanus (CAB38043.1/AJ132142.1); MmCt, cryptocyanin fromMetacarc
magister (ABB59714.1/DQ230982.1). (C) SNP distributions in the HcSC cDNA sequence b
(URL: http://www.marinegenomics.org/organisms).positive (+) or negative () compared to a control bacterium in
TBS-Ca2+ buffer. Agglutinative titer was deﬁned as the highest dilu-
tion of the test sample.
3. Results
3.1. The variable region in shrimp hemocyanin C-terminus possessed
molecular polymorphism
The amino acid and nucleotide sequences alignment of arthropoda
hemocyanins indicated that the shrimp L. vannamei hemocyanin
(CAA57880.1/X82502.1) C-terminal region (591–662 aa/2301–
2516 bp, designated HcSC) shared 46.0–87.0% amino acid identity
and 67.0–86.0% nucleotide identity with nine other hemocyanins
(Fig. 1A and B), suggesting that the region was variable in different
hemocyanin species. When we performed the alignment analysis
with hemocyanin from 95 L. vannamei hemocyanin C-terminal
EST sequences from an identical species [Marine Genomics Project
(URL: http://www.marinegenomics.org -/organisms)], four putative
SNP sites, namely 2340, 2383, 2408 and 2460, were identiﬁed in the
HcSC region (Fig. 1C).
3.2. HcSC region in individual shrimps showed multiple SNPs
Variability of HcSC at the transcript levels in two individual
shrimps was determined. As shown in Fig. 2A, six prominent bands
were detected by the RT-PCR-SSCP assay from one shrimp. Of
these, four bands were cut from the gels, re-ampliﬁed andp Litopenaeus vannamei. Amino acid (A) and nucleotide (B) sequence alignment of
ignments were carried out by Clustal X and BioEdit. The consensus amino acids or
ighted in grey and represented as a ‘:’. The designations for hemocyanin C-terminal
us vannamei in the study (CAA57880.1/X82502.1); LvHcL, hemocyanin subunit with
from Penaeus monodon (AAL27460.1/AF431737.1); MjHcL, hemocyanin subunit L
openaeus chinensis (ACM61982.1/FJ594414.1); MjHcY, hemocyanin subunit Y from
llinectes sapidus (AAF64305.1/AF249297.1); HaPHc-2, pseudo-hemocyanin (PHc-2)
inus magister (AAD09762.1/AF091261.1); MmCt2, cryptocyanin 2 fromMetacarcinus
y Clustal X and BioEdit analysis based on EST database of Marine Genomics Project
Fig. 2. SNPs analysis of HcSC region. (A) SSCP proﬁles of HcSC (a) and b-actin (b) gene products. (B) Nucleotide sequence alignment of the excised bands marked with HcSC1-4
in (A). (C and D) SNP distributions and frequencies of polymorphism (%) in HcSC sequences from genomic DNA and cDNA, respectively. (E) Alignment of genomic DNA and
cDNA sequences from HcSC. HcSC-0 indicated the sequence from L. vannamei hemocyanin (X82502.1). HcSC-Gn and HcSC-Cn represented sequences from genomic DNA and
cDNA clones, respectively.
406 X. Zhao et al. / FEBS Letters 586 (2012) 403–410sequenced. The result from sequence alignments showed that
bands with different mobility had different sequences. In addition,
ﬁve SNP sites (c.2318C > T, c.2370A > G, c.2413C > T, c.2460A > Gand c.2466T > G) were identiﬁed (Fig. 2B). We also cloned the
genomic DNA and cDNA from another shrimp into a pMD-19T vec-
tor, and analyzed their HcSC sequences. A total of 145 HcSC nucle-
X. Zhao et al. / FEBS Letters 586 (2012) 403–410 407otide sequences of 55 genomic and 90 cDNA clones from another
shrimp were analyzed. Four SNP sites (2383, 2432, 2460 and
2476) and ﬁve SNP sites (2334, 2337, 2347, 2359 and 2408) in
the HcSC region were found in genomic DNA and cDNA, respec-
tively. The frequency of these mutations ranged from 2.1% to
18.8% (Fig. 2C and D). Of the nine SNPs, only one SNP site (2460)
was identical to those SNPs analyzed by PCR-SSCP strategy
(Fig. 2B and E). Thus, a total of 13 SNPs were identiﬁed in the
shrimp L.vannamei hemocyanin HcSC region. As a control, 10 b-ac-
tin clones were analyzed using the same conditions, and all
showed identical sequence (data not shown). This result suggests
that potential PCR and sequencing errors could be excluded as
the source of nucleotide polymorphism in the HcSC region.
3.3. SNP mutations could be modulated by a speciﬁc environmental
stress
To investigate the relationship between the SNP mutations and
environmental stress, temperature and pathogen stress was used.
As shown in Fig. 3A, the SSCP band proﬁle in 16 C-treated shrimps
was different from those of 25- and 30 C-treated shrimps, which
gave rise to 7, 4 and 4 bands, respectively. Variations of HcSC SSCP
pattern were also detected in 9, 12 and 24 h post V. parahaemolyt-
icus-treated shrimps, each of which displayed three signiﬁcantly
different mobility bands in comparison with that of the 0 h control
(Fig. 3C). No extra band was detected in beta streptococcus-treated
shrimps or the mock-treated group (Fig. 3B–D) at any time point.
3.4. Some SNP mutations were associated with shrimp resistance to
pathogens
In order to test whether the SNPs is associated with pathogen
resistance, we analyzed the SNPs variation between susceptible
and resistant shrimps challenged with V. parahaemolyticus. An ex-
tra band was observed in SSCP proﬁles of resistant shrimps in com-
parison with those of susceptible shrimps (Fig. 4A). Nucleotide
sequence alignment analysis indicated that the extra band pre-
sented a group of SNPs with a total of four SNP sites in positions
of 2334, 2342, 2354 and 2374 (Fig. 4B). Subsequently, DiscoveryFig. 3. Analysis of HcSC SSCP proﬁle variations in shrimp stimulated with different enviro
seawater, V. parahemolyticus and Beta streptococcus stimulation, respectively. 1–6: 0, 3,Studio 2.5 (Accelrys, San Diego, CA) analysis was performed to pre-
dict the effect of SNPs. These SNP mutations (c.2334 T > C, c.2342
A > G and c.2354 A > G) would result in substitution of leucine (L)
to proline (P), asparagine (N) to aspartic acid (D) and N to D at ami-
no acid residue positions 606, 609 and 613, respectively. These
mutations could potentially cause a perturbation of a predicted b
strand structure within the HcSC domain (Fig. 4C).
To further examine whether this band possessed a higher im-
mune activity, the cDNAs of both the potential pathogen-resistant
HcSC (rHcSC) and normal HcSC (nHcSC) was cloned into a pET-32
vector and expressed in E. coli BL21. As shown in Fig. 4D, the two
recombinant HcSC proteins had molecular weights of about
29 kDa. Both puriﬁed proteins reacted with the anti-shrimp hemo-
cyanin antibody speciﬁcally. Furthermore, dramatic agglutination
reactions were observed when rHcSC was added to when rHcSC
was added into solutions containing E. coliK12, V. parahaemolyticus,
V. ﬂuvialis, V. alginolyticus,Vibro harveyi, S. aureus or beta streptococ-
cus cells. Quantitative analysis showed that the agglutinative activ-
ities ranged from 1.56 to 50 lg/ml, which was about 2-16 times
higher then that of nHcSC (Fig. 4E and Table.1).
4. Discussion
Invertebrates were once thought to have a simple immune sys-
tem. However, recent evidence suggests that invertebrates also can
express families of immune response proteins with high levels of
sequence diversity through a variety of mechanisms including
genomic instability, gene deletion, genetic recombination, gene
conversion, somatic hypermutation, alternative splicing, reverse
transposition and RNA editing [20–24].
In consistent with these observations, the result from bioinfor-
matic analysis using data from the literature in this study identi-
ﬁed a variable region in shrimp hemocyanin C-terminus which
possessed four SNP sites (Fig. 1). In addition, a total of 13 distinc-
tive SNPs in HcSC region were found in two individual shrimps
by RT-PCR-SSPC and clone sequencing (Fig. 2). Taken into consider-
ation of our previous ﬁndings that hemocyanin C-terminal frag-
ment displayed homology with Ig variable regions, it would be
interesting to know if these SNPs in HcSC region were derived fromnmental stresses. (A) Temperature stress. 1: 16 C; 2: 25 C; 3: 30 C. (B–D) Filtered
6, 9, 12, 24 h after stimulation.
Fig. 4. Effects of HcSC SNPs on shrimp resistance to pathogens. (A) Comparison of HcSC SSCP proﬁles between susceptible and resistant shrimps after stimulation by V.
parahemolyticus. 1–3: shrimps injected with ﬁltered seawater; 4–8: susceptible shrimps injected with V. parahemolyticus; 9–16: resistant shrimps injected with V.
parahemolyticus. (B) Nucleotide sequence alignments of the rHcSC and nHcSC. rHcSC represented the cDNA from the extra band of HcSC SSCP proﬁle in pathogen-resistant
shrimps (Marked in A). nHcSC represented the normal cDNA of shrimp hemocyanin (X82502.1). (C) Comparison of deduced amino acid sequence and predicted secondary
structure between rHcSC and nHcSC. HcSC amino acid sequences were aligned based on their structures. The L606P SNP (c.2334 T > C) and N609/613D SNP (c.2342 A > G/
c.2354 A > G) were shown in bold. The positions of b strands were indicated by coils and arrows above the sequences, respectively. (D) SDS–PAGE and immunoblotting
analysis. 1: protein markers; 2–3: SDS–PAGE analysis of the pellets from IPTG inducing E. coli BL21 with recombinant plasmid pET32-rHcSC and nHcSC, respectively; 4–5:
SDS–PAGE analysis of puriﬁed recombinant proteins of rHcSC and nHcSC, respectively. 6–7: immunoblotting analysis of lane 4–5. (E) Comparison analysis of agglutinative
activities between rHcSC and nHcSC recombinant proteins (4400). 1: negative control using V.parahaemolyticu; 2–3: 50 lg/ml rHcSC and nHcSC recombinant proteins with
V. parahaemolyticu, respectively; 4: negative control using V. ﬂuvialis; 5–6: 50 lg/ml rHcSC and nHcSC recombinant proteins with V. ﬂuvialis, respectively. 7: negative control
using A. hydrophila; 8–9: 200 lg/ml rHcSC and nHcSC recombinant proteins with A. hydrophila, respectively. 10: negative control using S. aureus; 11–12: 6.25 lg/ml rHcSC
and nHcSC recombinant proteins with S. aureus, respectively.
408 X. Zhao et al. / FEBS Letters 586 (2012) 403–410random somatic mutations, a process which is used during afﬁnity
maturation of Ig [25]. In support of this hypothesis, Zhang et al. re-
ported that somatic hypermutation was one of the mechanisms
present in FREPs of snails to obtain molecular diversity [21]. How-
ever, it is worthy to note that none of the genomic and cDNA SNPs
was identical in the second shrimp. This probably reﬂects the lim-
ited numbers of clones that were analyzed in this study. Alterna-
tively, Brockton et al. found that the molecular diversity of 185/333 proteins was generated from RNA editing [24]. Although the
exact mechanism is yet to be determined, this study provided
strong evidences for the ﬁrst time the existence of SNPs in HcSC.
Moreover, we found that SNP mutations in the hemocyanin C-
terminus could be modulated by environmental stress (Fig. 3A–
C). Particularly, variable HcSC SSCP patterns were observed in
shrimps inoculated with V. parahaemolyticus, but not in those trea-
ted with beta streptococcus (Fig. 3C and D), suggesting that the
Table 1
Comparison analysis of agglutinative activities between rHcSC and nHcSC recombi-
nant proteins at concentration of 0.20 mg/ml.
Bacterium Agglutinative titera Agglutinative activity (lg/ml)b
rHcSC nHcSC rHcSC nHcSC
E. coli K12 32 4 6.25 50
V. parahaemolyticus 8 4 25 50
V. alginolyticus 8 2 25 100
V. ﬂuvialis 16 4 12.5 50
A. hydrophila 16 1 12.5 200
beta streptococcus 16 2 12.5 100
S. aureus 128 32 1.56 6.25
a The highest dilution of the testing samples in the presence of different bacteria.
b Protein concentration/agglutinative titer.
X. Zhao et al. / FEBS Letters 586 (2012) 403–410 409occurrence of SNP mutations were stimulated by the infection of a
speciﬁc pathogenic bacteria. However, since the genomic SNPs
were not determined before and after the injection of bacteria
due to technical difﬁculty, the hypermuation hypothesis for the
generation of SNPs was left untested,
Furthermore, a haplotypic combination of four SNP sites was
identiﬁed in shrimps resistant to V. parahaemolyticus challenge
(Fig. 4B), in which only one SNP (position 2334) was identical to
those of SNPs from untreated shrimps (Fig. 2B), suggesting that
shrimp might respond to infection by clonal selection of speciﬁc
HcSC. However, more genomic SNPs need to be tested for correla-
tion with antimicrobial defense in the future. In addition, the result
demonstrated that the recombinant protein generated from patho-
gen-resistance rHcSC showed higher agglutinative activities
against seven typical bacteria than that of the control (nHcSC)
(Fig. 4E and Table.1), which provides a potential mechanism for
the antimicrobial activity. The importance of SNP mutations was
further supported by the predicted introduction of variations of
amino acid and secondary structure into the HcSC polypeptide
(Fig. 4C).
Several highly variable invertebrate immune molecules have
been recently documented to be involved inmultiple defence activ-
ities. For instance, sea urchins appear to be able to differentiate
among various PAMPs by inducing the transcription of various sets
of 185/333 genes [26]. Carcinolectin 5 (CL5) from Carcinoscorpius
rotundicauda can produce two isoforms (CL5a and CL5b) that recog-
nize and differentiate between bacteria and fungi [27]. Penaeidin in
penaeid shrimp have ﬁve classes, in which penaeidin-3 has anti-
fungal and antibacterial activities, while penaeidin-5 possesses
antiviral properties [28,29]. Consistent with the above observa-
tions, our results showed that some SNP sites in the hemocyanin
C-terminus were involved in the resistance of L. vannamei towards
various pathogens (Fig. 4). Previously, we showed that shrimp
hemocyanin displays diversity in glycosylation patterns. There are
ﬁve hemocyanin isomers with different glycan content and differ-
ent optimum immune activities [30]. These cumulative evidences
for shrimp hemocyanin suggest that it possesses extensive poly-
morphisms at the level of nucleic acid sequence, protein expression
and post-translational modiﬁcation, which together constitutes the
molecular basis of functional diversity in hemocyanin.
In summary, the present study describes for the ﬁrst time, that
the C-terminus of hemocyanin possesses SNPs. The SNPs can be
modulated by a speciﬁc environmental stress. Moreover, some spe-
ciﬁc SNP mutations are related to shrimp resistance to different
bacterial pathogens. This work could provide useful information
for the investigation of the molecular basis of functional diversity
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